Abstract:
The Because of its electrophilic character, a rhodium(II) carbene is often regarded as a rhodium-bound carbocation stabilized by electron donation from rhodium with a low or negligible barrier to rotation (Figure 1) (ref. 2e, 11) . Assuming that the electrophilicity of rhodium(II) carbenes is the principal determinant of the reaction selectivity as well as their reactivities, competitive carbene transformations might be controlled by changing the electron density at the rhodium center . In this context, two types of dirhodium(II) complexes with different electronic influences of their ligands on the rhodium (11) In order to further demonstrate the latent ability of Rh2(TPA)4, several sets of competitive intramolecular C-H insertion reactions were performed with Rh2(OAc)4, Rh2(tfa)4, and Rh2(acam)4 as well as with Rh2(TPA)4. Some selected examples focusing on the scope and potential of Rh2(TPA)4 are presented here.
The clear superiority of Rh2(TPA)4 in insertion into the methylene C-H bond over any other type of dirhodium(II) catalyst was demonstrated by cyclization of our original substrate 5a (Table  1) . While Rh2(tfa)4 produced nearly equal amounts of products 6a and 7a, Rh2(acam)4 was found to favor predominantly the C-H insertion into the methine over the methylene due to the electronically discriminating ability. Hence, Rh2(TPA)4 and Rh2(acam)4 can be complementary to each other for the site-selective C-H insertion reactions. The selectivities obtained by the use of dirhodium(II) tetrakis(diphenylacetate) and dirhodium(II) tetrakis(2,2-diphenylpropionate) with the electronic similarities were found to be modest, confirming that the excentional bulk of the bridging triphenylacetate ligands on the rhodium is responsible for the remarkably high order of bicycloselectivity. The positive proof of this has recently been provided by the X-ray crystal structure of Rh2(TPA)4, which demonstrates that the four phenyl groups from triphenylacetate ligands are oriented to an axial coordination site of each octahedral rhodium as shown in Figure 3 . Accordingly, the four protruding phenyl groups are thought to give priority to the approach of the sterically less hindered methylene C-H bond over that of the methine C-H bond to the rhodium(11) carbene center .
In this regard, the following examples are particularly worthy of note . In cvclization of a-diazo ƒÀ-keto ester 10, Rh2(TPA)4 showed the exceedingly high selectivity forthe insertion into an electronically unfavorable methyl C-H bond, whereas Rh2(OAc)4 favored the insertion into the benzylic methylene C -H bond in spite of the effect of steric bulk near the insertion site (ref . Site-control in the construction of 2-azetidinones via C-H insertion process has remained one of the challenging problems. It is well documented that site-selectivities in rhodium(II)-catalyzed C-H 
Enantiocontrol in Intramolecular C-H Insertion Reaction
The above findings that the steric bulk of the bridging triphenylacetate ligands on the rhodium dramatically influenced site-selectivity in C-H insertion reaction provided a great incentive to the development of the enantioselective version of this reaction catalyzed by chiral dirhodium(II) carboxylates. One of the most crucial problems is the creation of an effective chiral environment around the rhodium(II) carbene center, because fixation of the chiral center a to the carboxylate seems impossible, and the chiral center is far away from the carbene center. Recently, Doyle ester as the ester of choice from the standpoint of cyclization yield and practicality, and further explored the effects of the substituents adjacent to the target C-H bond on the enantioselectivity. Phenyl or vinyl groups at the insertion site were found to exhibit much higher selectivities than methyl or pentyl groups (76% and 53% ee vs. 32% and 35% ee). It is documented that phenyl and vinyl groups are inductively electron-withdrawing and so decrease the electron density of the adjacent C-H bond, rendering it resistant to attack by the electrophilic rhodium(II)-carbene species (ref. 6, 9) . Thus, we reasoned that if a decreased rate at the C-H insertion step might be associated with an enhancement of the selectivity, much higher enantioselectivity could be achieved by appending the electron-withdrawing substituents to these groups. Cyclization of a-dia zo keto 2,4-dimethyl-3-pentyl esters 25 possessing substituted phenyl or vinyl groups at the insertion site showed that the substituent effects on enhancement of the enantioselectivity were even more pronounced with the vinyl group than with the phenyl group, though 80% ee could be achieved with both of the (Econjugated ester and p-trifluoromethanesulfonyloxyphenyl groups (ref. 27 ). 25 26 The fact that the enantioselectivity in Rh2(S-PTPA)4-catalyzed intramolecular C-H insertion reactions can be improved up to 80% ee, though evaluation of both steric and electronic factors imparted on the substrate is crucial, suggests that a rigid chiral environment around the rhodium(II) carbene center may be created. After great difficulty in making a single-crystal of this catalyst, its structure was established as the bis(4-tert-butylpyridine) adduct by X-ray structural analysis ( Figure 5 ). The notable feature is that two phthalimido groups in a pair of adjoining ligands are oriented to an axial coordination site of each octahedral rhodium. Construction of the two phthalimido walls protruding toward the Based on the Doyle-Taber model, we may explain the stereochemical outcome in the present reaction, provided that the solid state structure of Rh2(S-PTPA)4 is available in solution. Looking down into the Rh-Rh axis, the chiral environment around the rhodium(II) center can be divided into four quadrants, of which two are occupied by the protruding phthalimido walls ( Figure 5 ). In consequence, two putative rhodium(Il) carbene intermediates 27 and 28 can be presented (Figure 7) , in which both the ester group and the carbon chain undergoing C-H insertion are accommodated in a less crowded space. In both of the intermediates, the reacting C-H bond is oriented toward the rhodium center and in parallel with the rhodium(II) carbene bond, in which the substituent at the insertion site is extended outward to avoid its intrusion into the face of the rhodium(II) carbene complex. Upon cyclization, the reactive intermediate 27 is favored over the reactive intermediate 28 owing to the steric repulsion between the tethered methylene-chain and the phthalimido group in 28, leading to the predominant formation of the 2,3-trans-cyclopentanone in accord with the observed enantioselection via enolization of the initially formed cis-isomer. Enhancement of the enantioselectivity with an increase in the steric bulk of the ester alkyl group suggests that the fourth quadrant provides sufficient space for the bulky ester group relative to the first quadrant, thus the intermediate 27 being preferred over 28. With respect to the substituent effects, we suppose that electron withdrawal from the target C-H by the substituents may lead to a later transition state and greater selectivity, whereas electron donation by alkyl groups may lead to an earlier transition state and lower selectivity. 27 28 
Enantioselective

Construction of 2-Azetidinones
To further evaluate the chiral environment around the rhodium(II) center, we next explored Rh2(S-PTPA)4-catalyzed cyclization of N-alkyl-N-tert-butyl-a-methoxycarbonyl-a-diazoacetamides 29, which proved to be the substrate of choice for site-and diastereoselective construction of 3,4-cis-2-azetidinones when Rh2(TPA)4 was used as an achiral catalyst (vide supra). Rh2(S-PTPA)4 was found to cyclize 29 to afford the 2-azetidinones 30 with 3,4-cis relationship in enantioselectivities (56-84% ee) comparable with the highest values known to date for a related transformation (ref. 28) . Virtually complete site-selectivities observed here suggest that Rh2(S-PTPA)4 is fairly similar to Rh2(TPA)4 in terms of electronic and steric demands. We can now explain the 3,4-cis diastereoselectivity based on the Doyle-Taber model, in which the conformer 31 leading to the 3,4-cis stereoisomer is favored over the conformer 32 to give the 3,4-trans stereoisomer because of the severe steric repulsion between the carbon chain undergoing C-H insertion and N-tert-butyl group in 32. The fact that only the cyclization of 29a bearing a sterically less demanding methyl group produced a trace amount of the trans isomer supports this hypothesis. Thus, the stereochemical outcome of the present cyclization may also be explained by the operational model proposed above, in which two putative rhodium(II) carbene intermediates 33 and 34 are presented. In both of the intermediates, the larger N-tert-butyl substituent placed syn to the amide carbonyl group is extended outward, and the reacting C-H bond is oriented toward the rhodium(II) center and in parallel with the rhodium(II) carbene bond. The reactive intermediate 33 is preferred over the reactive intermediate 34 because of the severe steric repulsion between the tert-butyl group and the phthalimido group in 34, directing cyclization toward C-HR bond in accord with the observed enantioselection. Considering that the tert-butyl group as N-substituent proved to be crucial to the present process but could not be removed, our interest was then centered on the utilization of 35 as a substrate, on the prospect that the N, O-acetal moiety could function as its substitute. Indeed, cyclization of 35 was mediated by Rh2(S-PTPA)4 and its analogues to give the 3,4-trans-2-azetidinone derivatives 36 with consistent sense of enantioselection at the insertion site in more than 88% ee in all cases, in which the 
